Elevated levels of tissue crosslinking are associated with numerous diseases (cancer stroma, organ fibrosis), and also eliminate the otherwise remarkable clinical successes of tissue-derived scaffolds, instead eliciting a foreign body reaction. Nevertheless, it is not well understood how the initial physical and biochemical properties of cellular microenvironments, stem cell niches, or of 3D tissue scaffolds guide the assembly and remodeling of new extracellular matrix (ECM) that is ultimately sensed by cells. Here, we incorporated FRET-based mechanical strain sensors, either into cell-derived ECM scaffolds or into the fibronectin (Fn) matrix assembled by reseeded fibroblasts, and demonstrated the following. Cell-generated tensile forces change the conformation of Fn in both 3D scaffolds and new matrix over time. The time course by which new matrix fibers are stretched by reseeded cells is accelerated by scaffold crosslinking. Importantly, stretching Fn fibers increases their elastic modulus (rigidity) and alters their biochemical display. Regulated by Fn fiber unfolding, more soluble Fn binds to the native than to the crosslinked scaffolds. Additionally, matrix assembly of fibroblasts is decreased by scaffold crosslinking. Taken together, scaffold crosslinking has a multifactorial impact on the microenvironment that reseeded cells assemble and respond to, with far-reaching implications for tissue engineering and disease physiology. † Electronic supplementary information (ESI) available: Supplementary figures and movies. See
Introduction
While the significance of the physical characteristics of the microenvironment in controlling cell function and fate is increasingly recognized, 1 -5 relatively little is known about the mechanisms by which such physical properties are sensed by cells and how they help to regulate diverse cell functions. For example, it is not well understood how extracellular matrix (ECM) deposited in vitro by different cell types can have differential effects on the phenotype of cells that are seeded into it: matrix produced by tumor-associated fibroblasts promotes tumor cell migration, 6 and matrix produced by bone marrow cells prevents the differentiation of mesenchymal progenitor cells. 7 Consequently, efforts to recreate microenvironments characteristic of normal and diseased tissue (e.g. fibrotic tissue, cancer stroma, stem cell niches, mesenchyme) in the laboratory, with sufficient fidelity to study diseases and test therapies on the cellular level, has proved a complex undertaking and exposed gaps in our understanding of cell-microenvironment interactions. 8 -10 Likewise, synthetic strategies for mimicking the natural extracellular environment for applications in tissue engineering and regenerative medicine have yielded few scaffolds that are able to regenerate functional soft tissues successfully. Possibly the most promising tissue scaffolds today are not in fact artificial, but de-cellularized ECM derived from tissue. 11 Even decellularized rat hearts, reseeded with cells and exposed to simulated pulsatile flow and electrical stimulation, could regain partial pump function after eight days. 12 Clinically, tissue-derived ECMs have been successfully used as scaffolds and grafts for the reconstruction of tendons, arteries, and numerous other soft tissues; 11 however, the properties that enable these ECMs to successfully guide tissue regeneration are still relatively uncharacterized. It is also poorly understood why chemically crosslinking tissuederived scaffolds in order to enhance their mechanical stability typically results in chronic inflammation and fibrous encapsulation rather than tissue regeneration. 13 , 14 More generally, enhanced ECM crosslinking via natural processes, while a critical process in wound healing, is also associated with the pathologies of numerous diseases. 15 -17 For example, lysyl oxidase, an enzyme that crosslinks collagen and elastin, is up-regulated in fibrosis, but down-regulated in malignant cells. 18 How does crosslinking affect the ECM microenvironment, and thereby cell and tissue function? Both the biochemical composition and the physical properties of the cellular microenvironment control numerous cellular processes, including cell differentiation, 1 , 2 , 4 , 7 , 19 and tumor cell development and metastasis. 3 , 5 , 6 , 20 -22 Initial interactions between cells and 2D substrates are dependent, for example, on substrate rigidity, topography and ligand presentation (as reviewed in ref. 23 -28 ) . Later events such as stem cell proliferation and differentiation can be influenced by the conformation of surface-adsorbed fibronectin (Fn) 29 , 30 as well as substrate rigidity. 4 In all of these experiments, initial surface characteristics were correlated with cell phenotype, yet the molecular mechanisms by which these initial substrate parameters direct long-term cell fate remain unknown. Indeed, it has long been known that a state of dynamic reciprocity exists in which signals from the microenvironment affect cell behavior and cells modify their microenvironment by, for example, ECM deposition and degradation. 31 Given that many cell types begin to assemble their own matrix soon after being seeded onto a surface or 3D scaffold, the question arises whether late cell phenotypes are primarily directed by the initial contact or by the evolving properties of the microenvironment. This lack of knowledge is partially due to the fact that tools were not available that enabled the monitoring of changes in the microenvironment's physical properties in the context of a 3D matrix. In 2D culture, traction forces that cells apply to their microenvironment in early phases have been probed using microfabricated substrates 32 , 33 and the rigidity of matrix that surrounds cells cultured on planar surfaces has been measured by indentation measurements using an AFM tip. 34 , 35 By exploiting a fluorescence resonance energy transfer (FRET)-based method that utilizes FRET-labeled Fn as a mechanical strain sensor, 36 -38 we have previously shown that Fn strain and unfolding in matrix produced de novo by fibroblasts on 2D glass surfaces is not static, but gradually increases as cells apply force and deposit new Fn fibers. Here, we probed for the first time how cells that are reseeded into a cell-derived 3D scaffold remodel the scaffold and, in response to the scaffold cues, gradually build-up their new matrix environment. By incorporating FRET-labeled Fn, either into cell-derived ECM scaffolds or into the Fn matrix assembled by reseeded fibroblasts, we asked here how crosslinking of the scaffolds affected their characteristics and those of newly assembled Fn fibers during cellmediated remodeling over time. Recent findings have indicated that cell-generated traction forces are sufficiently high to stretch 39 , 40 and unfold fibrillar Fn. 37 , 41 , 42 Moreover, forceinduced unfolding of the secondary structure of intra-and extracellular proteins has been implicated in the conversion of a mechanical stimulus to a change in protein functionality and/or biochemical signaling. 43 -48 Previously, we have shown in 2D that the amount of Fn stretching and unfolding is up-regulated by the rigidity of a polymeric 2D substrate against which the cells pull. 42 However, mounting evidence indicates that observations made in 2D cell culture are not necessarily transferable to 3D. 8 , 9 For example, cells on 2D substrates versus 3D matrices have a different morphology and adhesion structure, 49 -51 show differences in cell motility, 52 , 53 and favor different non-muscle myosin II isoforms for force application. 54 The molecular strain or force-induced elongation of a molecule directly readsout the extent to which structural, and thus potentially functional, alterations have occurred. 47 Yet, to our knowledge, there is no information about how the mechanical strain of newly assembled matrix relates to the rigidity of a provided 3D scaffold.
As cells pull locally on individual ECM Fn fibers, at least two important fiber parameters are altered: fiber rigidity (kPa to MPa) 55 and Fn structure. 37 , 41 , 47 To our knowledge, no work has made a systematic attempt to identify which cellular functions are regulated either by Fn fiber rigidity, or by stretch-sensitive protein conformations. Here, we differentiate between these two causes by comparing cellular responses to cell-derived 3D scaffolds, and to one-dimensional Fn fibers in a stretched or relaxed conformation. Cell-derived matrices were used as our primary model system, since they are well characterized with respect to cell-matrix interactions. 7 , 20 , 34 , 49 , 52 , 56 , 57 Moreover, FRET-labeled Fn, added to the culture medium, can be harvested by cells and incorporated into the ECM to directly report forceinduced changes in Fn conformation. 36 , 37 Thus the mechanical strain caused by cell traction forces can be mapped either in 3D cell-derived scaffolds or in the newly assembled Fn fibers. Chemically crosslinking of the scaffold allows us to address the differential roles of rigidity and Fn conformation, since it increases fiber rigidity while locking-in the more relaxed protein conformation of the de-cellularized scaffold. In the second part of our study we use a simplified, but more-controlled, model system using manually deposited Fn fibers with tunable rigidity and Fn conformation in order to dissect the causes for the observations made in the cell-derived ECMs. Chemical crosslinking has previously been employed to enhance the mechanical stabilization of tissue-derived scaffolds, yet with adverse clinical outcomes. 13 , 14 We thus limited our studies here to chemical crosslinking, but later discuss the extension of our findings to crosslinking via natural biochemical pathways, as occurs in wound healing and diseases.
Results
To grow cell-derived ECM scaffolds, NIH 3T3 fibroblasts were cultured for four days on glass and allowed to assemble soluble Fn into matrices that grew to approximately 17 m thick. The 'four-day' matrices were then de-cellularized using an alkaline detergent solution. Similar to previous studies, 20 , 56 the fibrillar structure of the de-cellularized matrices was preserved and their final thickness was about 10-15 m. When needed, the de-cellularized matrices were subsequently crosslinked with 4% formaldehyde. There are numerous chemical compounds and non-chemical methods that have been used to crosslink tissue engineering scaffolds for medical applications, 58 including formaldehyde and glutaraldehyde (e.g. ref. 13 ). Both chemicals have been used previously to study the effects of ECM rigidity on cell behavior 49 , 56 and both increase Fn matrix rigidity by similar amounts; 34 however, glutaraldehyde is autofluorescent. Therefore, formaldehyde was used in our studies as a model crosslinking chemical.
The native and crosslinked de-cellularized ECM scaffolds were reseeded with fibroblasts and imaged over 48 h to study how they were remodeled, and served as a framework for the assembly of new matrix. Since cells can harvest Fn from the cell culture medium and incorporate it into their own ECM fibers, adding trace amounts of donor/acceptor-labeled Fn (Fn-DA) allows live-cell imaging of the Fn matrix dynamics 37 , 42 and mapping of the corresponding mechanical strains. 38 To probe the mechanical reciprocity between old and new matrix, the cells were allowed to incorporate trace amounts of Fn-DA either into the 3D scaffold or the newly assembled matrix and the live cell cultures were then spectroscopically analyzed. Due to the large size of Fn, the best mechano-sensitivity was obtained when Fn was labeled with multiple fluorophores: the four buried cysteines of the Fn dimer (modules FnIII 7 and FnIII 15 ) were labeled with acceptors, and approximately seven donors were conjugated randomly to lysines ( Fig. 2a ). 37 Dilution of Fn-DA with an excess of unlabeled Fn prevented intermolecular FRET. 37
Fibroblasts invade the cell-derived scaffolds upon reseeding
Reseeded fibroblasts invaded the scaffolds by pushing fibers near the cell perimeter outwards and fibers underneath the cell downwards (Fig. 1a ). The fibers surrounding the invading cells were progressively stretched and, in the native scaffolds, were compacted to form transient fibrous ring structures (arrows). Regardless of crosslinking, the cells typically resided ( Fig. 1b ) near the top of the scaffold, with the nucleus and sometimes part of the cell body exposed (cells 1 and 3) or near the bottom of the matrix with some parts of its ventral side or pseudopodia touching the surface (cell 2). The position of the cell in the scaffold did not appear to alter its morphology or behavior.
After invading the scaffolds, the cells began to migrate by grabbing distant matrix fibers with their pseudopodia and pulling their body forward while at the same time deforming the anchoring fibers. Obstructing fibers were pushed out of the way to accommodate the cell body ( Fig. 1c and Supplementary Movie 1 † ). Once the cells had passed, the local matrix fiber deformations relaxed back, although not necessarily to the same position. When the fibers in front of the cell body were parallel to the direction of movement, there was little permanent fiber rearrangement (Supplementary Movie 2 † ). These behaviors were not altered in crosslinked scaffolds, although overall fiber movement was reduced (Supplementary Movie 3 † ). The presence of broad-spectrum protease and matrix metalloproteinase inhibitors did not affect the mode of cell migration (data not shown). 59
Using FRET to measure Fn strain (extension) caused by cell-generated tensile forces
While in situ force sensors have been available for several years, 32 , 35 , 60 it is important to recognize that it is not the force that directly defines whether a molecular binding site is altered, but the molecular structure as distorted by tensile forces (mechanical strain). The advantage of FRET is that it directly probes the average increase of donor-acceptor distances and is thus sensitive to mechanical strain. 37 Since the acceptors are located on modules FnIII 7 and FnIII 15 , it is important to note that we were probing only the forceinduced structural changes in the proximity (<12 nm) of these acceptors, as indicated by yellow spheres in Fig. 2a . The peak intensities of the acceptor and donor fluorophores were measured using spectral confocal microscopy (not correcting for residual cross-talk between the excitation and emission channels). The resulting intensity ratios, I A /I D , of the ECM fibrils are given as histograms ( Fig. 2d and f), or spatially resolved as false-colored images ( Fig. 2b and c) . In order to associate the intensity ratios derived from ECM fibrils to structural alterations, they were compared to those obtained from soluble Fn-DA denatured in known concentrations of guanidine HCl (GdnHCl), 37 or from individual Fn fibers in conjunction with stress-strain measurements ( Fig. S1 in the ESI † and ref. 55 ). Previous work has demonstrated that Fn in solution begins to lose its secondary structure in GdnHCl concentrations higher than 1 M, and is completely denatured in 4 M GdnHCl (ref. 37 ). Moreover, the intensity ratio measured at 1 M GdnHCl correlates well with the intensity † Electronic supplementary information (ESI) available: Supplementary figures and movies. See DOI: 10.1039/b914996a ratio below which we see a large increase of Fn unfolding in single freely suspended Fn fibers (approximately 150-200% strain). 55 The 1 M GdnHCl denaturation curve point, which roughly corresponds to 200% strain (three-fold extension), was measured using Fn monomers in order to prevent additional FRET caused by crossover of the dimer arms.
Fn fibers partially contract when the ECM is de-cellularized
Four-day ECMs, labeled with Fn-DA, were prepared, imaged before and after decellularization, and then 18 and 48 h after reseeding in order to map force-induced local alterations of Fn's structure. Representative slices from the confocal z-stacks of four-day and de-cellularized scaffolds are shown in Fig. 2b and c. There was no statistically significant difference in the intensity ratio between slices taken at different z-positions (data not shown).
Four-day matrices had an average median intensity ratio of 0.52 that shifted up to 0.57 upon de-cellularization. De-celullarization eliminated cell-generated matrix tension and thus allowed the ECM fibers to partially contract, as indicated by FRET recovery. The associated increase in FRET intensity ratio is clearly seen in the color shift from green-blue to yellow in the images ( Fig. 2b and c) and in the right-shift of the corresponding histograms ( Fig. 2d and f). FRET recovery was, however, not complete, indicating that the refolding of at least a fraction of Fn molecules might be inhibited by interactions with other tightly bound proteins. The de-cellularization procedure occasionally caused the matrix to tear or partially detach from the substrate. Damaged matrices were detected by visual inspection and by their very high FRET, 37 and were excluded from the analysis.
To estimate the partial loss of secondary structure that occurs in the proximity of the acceptor sites, the percentage of pixels in the FRET histograms with intensity ratios less than those obtained for the Fn monomer in 1 M GdnHCl solution is shown as shaded regions ( Fig. 2d and f) , and is summarized for multiple experiments in the bar graph ( Fig. 2e ). Elsewhere, we show by straining freely suspended single Fn fibers, that massive exposure of the cryptic cysteines buried in modules FnIII 7 and FnIII 15 begins at a strain of 150% (ref. 55 ). The FRET ratios measured at this point on single Fn fibers correlated with those obtained for soluble monomeric Fn molecules in 1 M GdnHCl solution. 55 De-cellularization of four-day old cell-derived matrices caused the percentage of fibers with perturbed secondary structure, to decrease from 82 to 61% (p < 0.05; Fig. 2e ). These results agree with previous studies showing that the elimination of cell-generated tensile forces leads to partial matrix relaxation. 37 , 42 , 61 Native 3D scaffolds are progressively stretched and unfolded over the course of days by cell-generated tensile forces whereas crosslinked scaffolds are not Rigidifying Fn-based ECMs via chemical crosslinking affects cell migration, 56 causes changes in the molecular composition of cell adhesion sites 49 and increases the force necessary to detach cells from the matrix. 34 We therefore asked if native and crosslinked scaffolds would experience differences in the time-course of remodeling. During the 48 h after reseeding, the fibroblasts progressively stretched the native scaffold fibers, which can be seen graphically in the change of the color-coded images in Fig. 2c and 3a,b from yellowgreen (0 h) to green-blue (48 h) (corresponding histograms and controls can be found in the ESI, Fig. S2 and S3 † ). FRET revealed, however, that crosslinked scaffolds were not stretched during the 48 h of cell-mediated remodeling ( Fig. 2c and 3c,d) . While cells increased the percentage of partially unfolded fibers in native scaffolds from roughly 61 to 91% over the course of 48 h (p < 0.05), the strain of crosslinked scaffolds was not significantly altered (64% at 48 h, Fig. 3i ).
To gain insight into how the alterations of the FRET ratios related to the average extensions of the ECM fibers, corresponding uniaxial, single fiber strains are shown on the far right side of Fig. 3i ("Single Fiber Measurements"). This FRET-strain correlation was deduced from a separate experiment using freely suspended Fn fibers. 55 Crosslinking thus locked-in a more relaxed conformation of fibrillar Fn, corresponding to an average strain of around 200% that remained unchanged over time. In contrast, the Fn fibers of the native scaffold were stretched from about 200 to 300% strain over 48 h.
New fibers in crosslinked scaffolds have an altered morphology and become stretched more rapidly
Because newly deposited matrix plays a prominent role in defining the properties of the cellular microenvironment, 62 we asked how crosslinking the scaffolds would affect the deposition and conformation of new Fn fibers. Once seeded, the fibroblasts assembled new (Fn-DA-labeled) fibers throughout the full thickness of (unlabeled) native and crosslinked scaffolds. Similar to previous studies, 42 , 56 the new fibers deposited on native scaffolds closely followed and co-localized with the existing matrix fibers, although some nonoverlapping fibers were also observed ( Fig. 4a-c, arrows) . In contrast, when the scaffolds were crosslinked, the new fibers did not co-localize with the existing fibers, although they were anchored to them and aligned in the same general direction ( Fig. 4e-g) .
Significantly, the newly deposited Fn fibers in the native scaffolds, which were initially soft, showed little unfolding (approximately 100% strain, Fig. 3e and i), but were slowly stretched over 48 h as the cells actively remodeled their environment. From 18 to 48 h, the percentage of Fn with partial unfolding, as deduced from the FRET histograms, increased from 17 to 46% (Fig. 3i ). Crosslinking of the scaffold had a major impact on the physical state of newly assembled ECM: the new Fn fibers deposited in crosslinked scaffolds were already highly stretched after 18 h with little further stretching as time progressed ( Fig. 3g and h). They exhibited percent-partial-unfolding levels similar to those found in new ECM deposited by fibroblasts directly on glass ( Fig. 3i ). Thus, Fn fibers assembled by fibroblasts on crosslinked scaffolds were initially more unfolded than on native scaffolds, but by 48 h, they exhibited similar conformations. Based on previous work showing that cells on rigid 2D substrates generate more highly stretched Fn fibers than on soft 2D surfaces 42 , our results suggest that-at least initially-the cells in the crosslinked 3D scaffold were experiencing a far more rigid microenvironment and respond to it by increasingthe stretching of new ECM.
Stress-strain measurements to quantify how chemical crosslinking increases the rigidity of single Fn fibers
Earlier studies have shown that chemical crosslinking increases ECM rigidity enough to change cell behavior, 49 , 56 and that cells can sense a wide range of elastic moduli. 4 , 24 , 63 A study has recently used AFM nano-indentation to measure the increase in overall ECM rigidity due to crosslinking; 34 however, we were interested in measuring the mechanical properties of individual Fn fibers to better understand how chemical crosslinking impacts the quantitative relationship between stress-strain characteristics and functionality. Because the cell-derived scaffolds had a broad distribution of thicknesses and spatiotemporal variations in strain, we performed our measurements on isolated, manually produced fibers that were more controlled with regard to these variables. We manually pulled Fn fibers from a droplet of concentrated Fn solution. 38 The fibers were deposited across and attached to microfabricated PDMS ridges, and then rehydrated to enable force-extension measurements on freely suspended fibers in physiological buffer (Fig. 5a ). Pulling Fn fibers out of a droplet requires > 10 N of force and results in fibers with 140% pre-strain. 55 Therefore, in order to relax the fibers to their fully relaxed state, the fibers were deposited on PDMS ridges that were pre-strained in a one-dimensional strain device; then the PDMS ridges, along with the fibers, were relaxed until fiber buckling was observed. Multiple, independent stress-strain measurements were performed on single fibers before and after crosslinking with 4% formaldehyde using a MEMS actuator and force sensor. 64 As the tip advanced, the MEMS device measured the force acting on the tip while the fiber length and fiber diameter were monitored by confocal microscopy (Fig. 5b and c) . The stress is the force normalized per unit cross-sectional area of the Fn fiber, and the fiber strain is given by (l−l 0 )/l 0 *100%, where l is the fiber length when stretched and l 0 is length of the relaxed fiber. The Elastic or Young's Modulus is given by the slope of the stress-strain curve (see Materials and Methods). A detailed discussion of this technique is published elsewhere. 55 Fig. 5d shows the force-strain curve for a representative fiber before and after crosslinking, as well as the stress (Fig. 5e ) and Young's Modulus ( Fig. 5f ; data from additional fibers in the ESI, Fig. S4  † ) . The force needed to strain the fibers was several-fold higher after crosslinking. For the representative fiber shown in Fig. 5 , a strain of 80% required a force of 1.7 N, whereas after crosslinking, a force of 5.5 N was required (Fig. 5d ). While Fig. 5 shows that the crosslinked Fn fibers are extensible, cell-generated forces did not seem to be sufficient to stretch them within the sensitivity of our FRET technique ( Fig. 3) . Note that the force needed to stretch a fiber is proportional to its cross-sectional area, which was approximately 7 m 2 for our manually pulled Fn fibers and therefore much larger than that of cell-made fibers. For example, the thinnest known Fn fibers are 10-12 nm in diameter 65 , 66 and would only require 19-27 pN of force to achieve an 80% strain. While cells typically apply forces of a few nN per square micrometer of adhesion area, 67 the forces cells apply to adhesions smaller than 1 m 2 can be considerably higher. 32 The slope of the stress-strain curves for Fn fibers is not constant, unlike many linear elastic materials whose elasticity can be approximated by a single elastic spring model (Hooke's law). The Young's Modulus increases steadily as the fibers are stretched (Fig. 5f ). Crosslinking the fibers also increased their rigidity (Young's Modulus) from 0.8 to 2.0 MPa for 0-50% strain (median values; p < 0.01, n = 8, paired t-test). For crosslinked fibers, only strains up to 200% are shown because these rigid fibers detached from the ridges under high force prior to their breakage. Taken with our earlier finding that cells are not able to cause detectable conformational changes in crosslinked scaffolds, these data imply that cellgenerated forces are not high enough to stretch the fibers sufficiently to cause a detectable change in Fn conformation.
Soluble Fn binding is up-regulated by stretching individual Fn fibers and is not affected by crosslinking
Does crosslinking affect the binding of proteins to Fn fibers and the mechanosensitive exposure of cryptic sites upon stretching? In particular, the cryptic self-association site located in Fn module III 1 is known to be exposed by cell-generated strain and is involved in fibrillogenesis. 46 , 68 We therefore asked if soluble Fn would bind to Fn fibers in a conformation-dependent manner and whether chemical crosslinking of the pre-strained fibers would affect this process. Again, because of the inherent variability of Fn fibers in cell-derived scaffolds, we used manually deposited fibers with controlled levels of strain.
Fn fibers containing Fn-DA were deposited in an asterisk pattern on a thin silicone sheet so that when one-dimensional strain was applied, a range of conformations was obtained ( Fig.  6b and e ). 38 The stretched fibers were then either crosslinked or used in their native state. After incubating the fibers with soluble Fn-Cy5, the intensities of the bound Fn-Cy5 were measured at each pixel ( Fig. 6c and f) . Fig. 6a and d show Fn-Cy5 intensities on fibers with different conformations and demonstrate that the binding of soluble Fn increased with fiber strain, regardless of crosslinking. Nevertheless, our previous experiments showed that cell-generated forces were not able to stretch crosslinked Fn fibers sufficient to change their conformation, resulting in less partial unfolding in the crosslinked scaffolds ( Fig. 3i ). Taken together, our data imply that the binding of soluble Fn to fibrillar Fn is up-regulated in native but not in crosslinked scaffolds due to the limited force cells can apply to matrix fibers.
The conformation of newly assembled Fn fibers does not correlate with the conformation of older fibers
In our earlier experiments, the crosslinked cell-derived scaffolds provided a 3D microenvironment with relatively constant high rigidity and relaxed Fn conformation, while the rigidity and level of Fn unfolding in the native scaffold began low and increased over time (Fig. 3i ). Although we hypothesized that the difference in conformation of the Fn matrix, newly deposited on the native and crosslinked scaffolds (Fig. 3e, g and i) , was an effect of the elevated rigidity of the crosslinked scaffold, we could not exclude the possibility that it was an effect of a difference in the scaffolds' Fn conformation. This could be due, for example, to structural templating or due to a Fn-conformation-dependent change in outside-in cell signaling. In order to determine if the Fn conformation in existing fibers affected the conformation of newly deposited fibers, we studied the matrix assembled by cells seeded onto single Fn fibers with an adjustable conformation and constant rigidity. The manually deposited fibers provided a more controlled system than the 3D cell-derived scaffolds and, although the two model systems were different in many respects, a recent study has shown that cell migration in a one-dimensional environment mimics many of the characteristics of migration in a 3D environment. 52 Individual Fn fibers were manually deposited on silicone sheets in a one-dimensional strain device, and either relaxed to an absolute strain of 56%or stretched to 500%(high unfolding; ESI, Fig. S1D  † ) . The rigidities of single Fn fibers tightly physisorbed to silicone sheets were all in the range of a few MPa (Fig. 5f ). 55 Since it has been previously shown that NIH 3T3 cells are not sensitive to increases in the rigidity of 2D substrates beyond the order of 10 kPa, 63 , 69 we conclude that the cells sensed a similar rigidity on the surface-attached native and crosslinked fibers.
After 18 h culture time, most of the cells remained solely in contact with the manually deposited fiber (Fig. 7a , i and ii) and had generated a Fn matrix (Fig. 7a, iii) . Cells with pseudopodia contacting the BSA-blocked silicone surface were not analyzed. Cell-generated Fn fibers were attached to the manually deposited fiber (Fig. 7a , iv, arrows) and, at higher focal planes, wrapped around the cells (Fig. 7a , v, arrows). There was no statistical difference between the median intensity ratios of new matrix deposited on stretched and relaxed fibers (Fig. 7b ). Moreover, there were no noticeable differences in cell or matrix morphology, and no significant differences in cell and matrix density between stretched and relaxed fibers (unpublished data). Taken with our earlier findings, this indicates that the cells primarily responded to the rigidity of the Fn fibers that were bound to the silicone sheets, rather than to the Fn conformation of stretched versus relaxed fibers.
Discussion
Once cells are seeded onto a material, or into a 3D scaffold, they soon begin to assemble their own ECM, and will ultimately sense and respond to the new ECM fibers that surround them, and to which they are attached. While many studies have correlated how initial material properties correlate with cell fate at late time points, 4 , 5 , 30 , 70 little information is available about how the properties of the microenvironment change over time. Seldom addressed is the role played by newly deposited matrix, much less how the properties of the new matrix are guided by those of the pre-existing matrix, scaffold or biomaterial. In an effort to shed light into the underpinning mechanisms, we made the following observations. Firstly, by applying local traction forces to the ECM, cells regulate the rigidity and biochemistry (Fn conformation) of their microenvironment in a time-resolved manner (Fig.  3, 5 and 6) . Secondly, the physical and biochemical characteristics of newly deposited Fn depend on the rigidity of the pre-existing Fn scaffold ( Fig. 5 and 7) . Thirdly, chemical crosslinking an ECM-based scaffold changes the time-course of the cell-mediated remodeling, not only of the scaffold, but also of the newly deposited Fn matrix (Fig. 3) . Long-term cell fate might be impacted by the fact that traction forces cause a gradual increase in rigidity, which correlates with an increase in the average unfolding of Fn in both old and new ECM fibers. The stretching of fibers up-regulates the binding of soluble Fn (Fig. 6) , which could at least in part be due to the exposure of cryptic sites on FnIII modules involved in regulating Fn fibrillogenesis. 38 , 46 , 47 , 71 Thus, the timedependent changes in Fn conformation observed in the scaffolds and in the newly deposited matrix directly alter the physical as well as the biochemical properties of a cell's microenvironment, with the potential to switch outside-in cell signaling events. 25 , 44 , 72 It has already been demonstrated that different conformations of surface-adsorbed, non-fibrillar Fn can impact cell differentiation. 29 , 30 , 73 In light of the aforementioned studies that demonstrated adverse host responses associated with the crosslinking of tissue-derived scaffolds, 13 , 14 we showed here that crosslinking of a cell-derived 3D scaffold increases the rigidity (Fig. 5f ) and locks-in the conformation (Fig.  3i ) of the scaffold, at least in the regime of forces that cells can apply to scaffold fibers. Most significantly, scaffold crosslinking profoundly affects specific characteristics of newly-assembled ECM. Crosslinking the cell-derived 3D scaffolds greatly accelerated the rate at which reseeded fibroblasts stretched and unfolded fibrillar Fn in their newly assembled matrix (Fig. 3i, closed squares) , but decreased the amount of new matrix deposited ( Fig. 3f and h) . Using manually deposited Fn fibers with a controlled Fn conformation and constant rigidity, it was furthermore shown that the increased scaffold rigidity-not the locked-in, relaxed conformation-caused the reseeded cells to apply higher tensile forces at earlier time-points (Fig. 7b ). The differences in the time-course of Fn unfolding between the native and crosslinked scaffolds, and the new matrix deposited therein, imply, as elaborated earlier, that cell-generated forces cause major differences in the physical and biochemical properties of new ECM fibers, which define the cellular microenvironment. Future research is needed to reveal more about the mechanisms of how ECM stretching might regulate certain outside-in cell signaling events and ultimately cell fate. 48 , 74 Although it was beyond the scope of this study, naturally occurring ECM crosslinkers exist that alter cellular microenvironments during wound healing and in disease, and thereby direct cell phenotype. Crosslinks, regardless of their origin, cause an increase in mechanical stability. A recent study has demonstrated that the rigidity of Fn ECM is increased to a similar extent by treatment with formaldehyde, glutaraldehyde or factor XIIIa transglutaminase. 34 Biological crosslinking enzymes such as the transglutaminases 15 and lysl oxidase 18 and naturally occurring crosslinks such as advanced glycation end products 16 , 17 are associated with tissue stiffening in wound healing, and in diseases such as atherosclerosis and cancer. It is now well appreciated that microenvironment rigidity can guide cell phenotype. For example, the stiffening environment of the provisional matrix of a wound promotes differentiation of fibroblasts to myofibroblasts 75 and a rigid ECM can promote a malignant phenotype. 5 Future studies need to determine to what extent altered Fn deposition and strain-dependent alterations in conformation and rigidity play a role in determining cell phenotype in disease, and the maintenance of homeostasis.
Conclusion
In conclusion, we show for the first time to our knowledge that major time-dependent changes occur in the physical and biochemical properties of the cellular microenvironment, which consists of the 3D scaffold and the newly assembled matrix. The time-course by which newly assembled matrix changes its physical and biochemical properties, and the effects of scaffold properties need to be considered if one aims to decipher the molecular mechanisms by which microenvironment properties control cell phenotype. For example, the time required for an environmental stimulus (e.g. rigidity, Fn conformation) to determine cell lineage can vary between hours and weeks depending on the cell type and stimulus, 4 , 29 yet how intermediate events regulate the late outcome is unknown. Proper consideration of how cell-generated forces alter the immediate cellular microenvironment as function of time is important not only in the design of tissue scaffolds but also to decipher how matrix biology directs long-term changes in cell and tissue phenotype.
Materials and methods

Fn isolation, fluorescent labeling, and chemical denaturation curves
Fn was isolated, labeled, and calibrated in GdnHCl (ESI, Fig. S1  † ) as previously described. 37 Fn was isolated from human plasma (Zürcher Blutspendedienst SRK, Switzerland) by affinity chromatography. Fn was doubly labeled with Alexa Fluor 488 (donor) on amines and Alexa Fluor 546 (acceptor) on free sulfhydryls. The two batches of Fn-DA used in this study had an average of 7 donors and 3.5 acceptors per molecule. Singly labeled Fn was labeled on amines with Alexa 488, Alexa 546, Alexa 633 or Cy5. Labeled Fn was always used with an excess of 90-95% unlabeled Fn to prevent intermolecular energy transfer between molecules within a fiber. All dyes were from Molecular Probes (Invitrogen).
Manually deposited fibers, the strain calibration curve, and soluble Fn binding assay
Manually deposited fibers were deposited on silicone sheets and strained on a custom-made, one-dimensional strain device as previously described. 38 Briefly, 0.25 mm-thick silicone sheets (Specialty Manufacturing, Saginaw, MI) were cut into a dog-bone shape and cleaned by sonication in 2% PCC-54 (Sigma-Aldrich) and then 70% ethanol. A 300-500 g ml −1 Fn solution (5% Fn-DA, 95% unlabeled) was deposited as a small drop on the silicone sheet. Fibers were pulled from the drop with a sharp tip and deposited onto the silicone sheet. Afterwards, the drop was aspirated and the sample washed with 2% (w/v) BSA in PBS, and soon thereafter immersed in PBS buffer for all further studies. Fiber strain was calculated from the macroscopic strain of the silicone sheet. 37 For the binding assay of soluble Fn (Fn-Cy5) to stretched Fn fibers (Fn-DA), the Fn fibers deposited on silicone sheets were either crosslinked with 4% formaldehyde (EM grade; Polysciences, Inc.) in PBS for 1 h or used in their native state. After blocking with 4% BSA for 15 min., the fibers were incubated with 10 g ml −1 Fn-Cy5 in 4% BSA in PBS for 20 min. at room temperature. After rinsing with PBS, donor, acceptor and Fn-Cy5 intensities were measured at each pixel. The Fn-Cy5 images were smoothed using a 3 × 3 pixel sliding averaging filter, and then the PMT background noise was subtracted. The Fn-Cy5 intensities were normalized to account for differences in protein mass by dividing each pixel's intensity by the sum of the peak donor and acceptor intensities (with 488 nm excitation) at the same pixel. This normalization method gives equivalent results to normalizing against the fluorescence of singly labeled Fn fibers (D.G., unpublished data).
Mechanical measurements of manually deposited fibers
Arrays of PDMS ridges were made using standard photolithography and PDMS replica molding. The master replica was then cast into a thin film of PDMS (1 : 10 curing agent to pre-polymer) on the aforementioned silicone sheets. The trenches between the ridges were 50-500 m wide, about 20 m deep and >400 m long. To enable covalent crosslinking of the manually deposited fibers to the tops of the trenches, the structures were first treated with air plasma (250 mbar, 1 min.), then with 3% 3-aminopropyldimethyl-methoxysilane (ACROS Organics) in deionized water for 20 min, and finally with 0.5% glutaraldehyde (Sigma-Aldrich) in water for 30 min. Glutaraldehyde is a simple bi-functional crosslinker, so this procedure resulted in the glutaraldehyde binding with one aldehyde group to the PDMS ridges and presenting the other (active) group to allow covalent attachment of the Fn fiber. The substrates were rinsed with deionized water to remove unreacted glutaraldehyde and dried. The substrates were then pre-strained with the 1D strain device, and Fn fibers were manually deposited across the trenches. The parts of the Fn fibers in contact with the ridges became covalently linked to the PDMS via the free aldehyde groups. The samples were then relaxed until the first signs of fiber sagging into the microfabricated trenches were noticed, indicating that the fibers were fully relaxed. Since the fibers spanned multiple trenches, it was possible to measure each fiber independently in multiple locations, before and after crosslinking. Fibers were crosslinked with 4% formaldehyde for 1 h at room temperature, then incubated for 3 h in PBS before being measured again.
The 3-axis micromanipulator (Sutter MP-285) with an attached custom-made MEMS force sensor 64 was mounted to the stage of a confocal microscope (Olympus FV1000; 40×, 0.90NA, water-immersion objective). The micromanipulator advanced the MEMS device at a constant velocity as controlled by a computer. Because the tip deffected in response to resistive force, it did not proceed with a constant velocity and thus fiber strain was measured from images taken with the confocal microscope. The force on the tip (F) was corrected to yield the tensile force on the fiber (f) using the following equation (x, extension).
The stress was calculated from the measured force values by dividing by the fiber's crosssectional area, which was assumed to be constant over all measured strains. 55 The crosssectional area was measured from confocal images by averaging the full-width-at-halfmaximum of the fiber measured at five different locations. The elastic modulus at a given strain was calculated by dividing the change in stress by the change in strain between the data points two-before it and two-after it.
Cell culture and membrane staining
NIH 3T3 fibroblasts (American Type Culture Collection, ATCC) were cultured in DMEM (ATCC) supplemented with 10% newborn calf serum (Gibco, Invitrogen) in a humidified incubator at 37 °C with 5% CO 2 . During experiments, the medium contained 1% penicillinstreptomycin-fungizone (Gibco, Invitrogen). The cells used for the production of the 3D ECMs were pre-conditioned to decrease their contact inhibition by culturing them for 20 passages as described in other studies. 20 , 49 When needed, the cells were stained with the membrane-binding dye DiD (Molecular Probes, Invitrogen).
Production and seeding of 3D cell-derived ECM scaffolds
In order to prevent the cell-derived ECMs from detaching, glass surfaces were covalently functionalized with unlabeled Fn. 8-Well chambered coverglasses (Lab-Tek, Nalge Nunc) were treated with air plasma (PDC-32G, Harrick Scientific) at 250 mbar for 30 s. The surfaces were then treated with 2% 3-aminopropyldimethylmethoxysilane (ACROS Organics) in deionized water for 15 min. The surfaces were then incubated with 0.125% glutaraldehyde (Sigma-Aldrich) in water for 30 min. Finally, the surfaces were incubated with 20 g ml −1 unlabeled Fn for 1 h at room temperature or overnight at 4 °C. The chambers were sterilized by UV irradiation for 15 min.
The cell-derived ECM procedure is based on previously published protocols. 49 , 56 , 66 Cells were seeded on the prepared surfaces at 80 × 10 3 cells cm −2 and were allowed to attach for 30 min in the incubator; then the medium was replaced with medium containing 50 g ml −1 Fn. The cells were incubated for four days, with one medium exchange after two days. On day four, the samples were washed twice with PBS, then three times with (0.1 M Na 2 HPO 4 , 2 mM MgCl 2 , 2 mM EGTA, in water, pH 9.6). The samples were then incubated with lysis buffer (0.5 M Na 2 HPO 4 , 1% Triton X-100, pH 9.6) at 37 °C. After 15 min, the lysis buffer was exchanged and the samples were incubated at 37 °C for 1 h. The samples were rinsed twice with (10 mM Na 2 HPO 4 , 0.3 M KCl, in water, pH 7.5), three times with deionized water, and once with PBS. Chemical crosslinking was performed immediately after decellularization. Matrices were incubated with 4% formaldehyde for 1 h at room temperature. The matrices were then washed four times with PBS and incubated for 3 h in PBS before cell reseeding.
Cell-derived ECMs were reseeded with 50 × 10 3 cells cm −2 for FRET experiments or with 6.25 × 10 3 cells cm −2 for time-lapse experiments and incubated for 30 min in the incubator; then the medium was replaced with medium containing 50 g ml −1 Fn. For inhibition of extracellular proteolysis, the sample medium additionally contained 20 M Ilomastat (Chemicon, GM6001) and a 1 : 400 dilution of a protease inhibitor cocktail (Sigma, P1860) containing Bestatin, Leupeptin, Aprotinin, Pepstatin and E64. An equivalent volume of DMSO was used as a vehicle control.
Cell seeding and matrix production on manually deposited fibers
Fn fibers containing Fn-633 were manually deposited on silicone sheets either parallel or perpendicular to the direction of strain, and strained as described in the main text. The samples were blocked in 2% BSA for 1 h at room temperature. Cells were seeded onto the samples and incubated for 15 min to allow them to attach, then rinsed with medium to remove unbound cells. The samples were incubated for 30 min; then the medium was replaced with medium containing 2% BSA, 45 g ml −1 unlabeled Fn and 5 g ml −1 Fn-DA. The samples were cultured for 18 h, then fixed with 4% formaldehyde and imaged.
Confocal microscopy
Z-stack images were acquired with an Olympus FV1000 confocal microscope with an oilimmersion 1.35NA 60× objective. Our basic acquisition procedures for FRET imaging have been described previously. 37 For time-lapse microscopy, the confocal microscope was fitted with temperature and CO 2 control chambers (Life Imaging Services, Switzerland) that maintained the entire microscope at 37 °C, and saturated the sample with humidified air containing 5% CO 2 . Images were taken every 20-30 min. for approximately 16 h.
FRET Analysis
The acceptor and donor images were analyzed using MATLAB (MathWorks, Inc.) as previously described. 37 Briefly, after correcting for the background noise and differences in the scaling of the PMTs, the acceptor intensities were divided, pixel-by-pixel, by the donor intensities to yield the intensity ratio. All z-slices were processed individually.
Glass surfaces functionalized with silane and glutaraldehyde had a high background fluorescence that skewed the FRET ratios of fibers within about 2 m of the surface to higher values. In the absence of surface functionalization, all z-slices in a z-stack had approximately the same intensity ratio distribution. Therefore, slices near the functionalized glass surface that showed an increase of more than 0.01 intensity ratio units were automatically detected and removed from further analysis.
Some images from four-day ECMs were contaminated with signal from endocytosed fluorescently labeled Fn that appeared in small, round vesicles as previously observed. 76 The FRET ratio of endocytosed Fn-DA centered near 0.2 and was well-separated from that of matrix fibers. Large regions of the contaminating signal were removed directly from the images by hand. Histograms of the data from images thus corrected were not significantly different from histograms of compiled data from images of similar samples not containing endocytosed Fn-DA signal.
The crosslinked scaffolds contained small (<3 m) particulate debris that adsorbed Fn-DA, and contaminated the 18 and 48 h reseeded FRET images. Spots that had an area <100 pixels were automatically removed from these images. This algorithm had no significant effect on the median intensity ratio when applied to FRET images of matrix without particulate debris. All of these corrections were only implemented for data analysis; the images shown in this paper were not altered.
Statistical analysis
Statistical analyses were performed with MATLAB (MathWorks, Inc.) and SPSS (SPSS, Inc.). Percent unfolding and median intensity ratios for the cell-derived ECM scaffold experiments were compared using a one-way ANOVA, followed by Tukey's multicomparison test. Unless otherwise stated, errors and error bars indicate standard deviation.
Insight, innovation, integration
Cell and tissue fate is intimately linked to the biochemistry and physical properties of their microenvironments (including mesenchyme, stroma and stem cell niches), yet no tools were available to probe how cell-generated tensile forces physically alter the properties of 3D extracellular matrix. FRET-labeled fibronectin is exploited as a mechanical strain sensor to monitor time-dependent changes of either tissue-mimetic 3D, ECM scaffolds reseeded with cells or of the newly assembled matrix fibrils. This in situ method is versatile, since cells, provided exogenously with FRET-fibronectin, typically co-assembled it into their ECM fibers. Probing how environmental conditions regulate cell-mediated stretching of ECM fibers is physiologically significant because stretching alters fiber rigidity and the presentation of molecular and cellular recognition sites (mechanotransduction).
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Abbreviations
Fn Fibronectin
Fn-DA Doubly-labeled fibronectin
FRET
Fluorescence resonance energy transfer
GdnHCl
Guanidine HCl Fiber rearrangements in the ECM scaffold caused by fibroblast invasion and migration. Membrane-stained fibroblasts (blue) were seeded into native de-cellularized ECM scaffolds containing fluorescently labeled Fn (red). All times are relative to the time of seeding. The gamma settings for the images have been modified in order to achieve a more even fluorescence. All bars are 20 m. (a) 3D reconstructions of two fibroblasts invading a scaffold at 1:00 and 1:40 h after seeding. 1:00: both cells have penetrated the scaffold by pushing the fibers out of the way, leading to the formation of a ring of compacted fibers (arrows Progressive Fn stretching and unfolding trends in the native and crosslinked scaffolds, and in newly deposited matrix (lower panels) caused by cell generated traction forces. Representative z-slices, depicted as in Fig. 2 . See Fig. 2c for the de-cellularized scaffold prior to reseeding (t =0). (a-d) The native and crosslinked scaffolds and (e-h) the newly deposited matrix 18 and 48 h after reseeding. Corresponding histograms can be found in the ESI, Fig. S2 . † (i) The percentage of the Fn populations with loss of secondary structure as defined in Fig. 2 is shown for the native (white circles) and crosslinked (black squares) scaffolds' fibers and the new matrix fibers. Data for ECM fibers deposited by cells directly seeded onto glass are shown for comparison (gray triangles). The axis labels on the right side of the plot show approximate strains of single Fn fibers that correspond to different levels of unfolding (mean ± s.d.) and is summarized from ref. 55 . Bar is 20 m. Morphology of the new matrix deposited by cells in native and crosslinked scaffolds. Fluorescence z-stack projections of the scaffold (red), new matrix fibers (green) and overlay along with a transmission image for the same field-of-view in native and crosslinked scaffolds 48 h after reseeding. New fibers in the native scaffold are mostly highly localized to the scaffold's fibers but there are also independent fibers (a, b, c, arrows). In contrast, new fibers in the crosslinked scaffolds do not co-localize with the existing fibers, although they are aligned in the same general direction. The images are representative of three independent experiments. Bar is 20 m. 
MEMS
Microelectromechanical system
